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MAGNETISM, DIMENSIONAL CHANGES, AND MAGNETIC TRANSITIONS 
IN HYDRATED CESIUM MANGANESE CHLORIDE 
by John A. Woollam and Paul R. Aron 
Lewis Research Center 

SUMMARY 

Dimensional changes (strain) along the three principal crystal axes of CsMnClg- HgO 
are studied as a function of magnetic field and temperature in the antiferromagnetic, 
spin flopped, and paramagnetic phases. Changes in dimensions through the antiferro- 
magnetic to spin flopped transition are examined as a function of magnetic field at fixed 
temperature. Thermal expansion is measured at a fixed field across the antiferromag- 
netic to paramagnetic and the spin flop to paramagnetic phases. The resultant magnetic 
phase diagram is plotted. Antiferromagnetic magnetostriction is found to be nearly 
quadratic in magnetic field. Spin flopped magnetostriction is nearly linear with applied 
field. Results are compared with predictions of the molecular field model and the mag- 
netic properties are evaluated for possible use in a refrigeration cycle for space applica- 

o 

tions. An interesting result is an unexplained sec Q dependence of the critical field 
for spin flopping where e is the angle between magnetic field and the "easy" magnetic 
axis. 


INTRODUCTION 

Insulating magnetic materials are of practical interest for a variety of reasons. 

When an insulator is placed in a changing magnetic field, there are no eddy currents 
established to shield the magnetic ions in the interior. Thus, for example, refrigeration 
by adiabatic demagnetization is an important use of these materials, and they are being 
considered for this use in space applications. To maximize the effectiveness of a mate- 
rial for this use, a maximum value of the Lande spectroscopic splitting factor g and the 
total spin vector s must be found. In addition, it is important to know the internal ex- 
change and anisotropy fields that cause ordering or disordering of magnetic spins for 
various temperatures and magnetic fields. In this report the magnetic states of 



CsMnClg- 2H 2 0 are investigated using magnetostriction and thermal expansion. It is 
found that this is a sensitive method for studying magnetic systems and changes of state. 
The effectiveness of CsMnClg- 2H 2 0 is evaluated as a possible refrigerant for space 
applications. 

Magnetostriction is the fractional change A l /l in length l of a material caused by 
the presence of a magnetic field. This change is called strain and is commonly desig- 
nated by e(=A l /l). Magnetostriction effects are large and have been extensively studied 
in ferromagnets (ref. 1). There have also been some studies of the effects in diamag- 
netic materials, for example, bismuth (ref. 2). Results on antiferromagnetic CoO were 
reported by Nakamichi (ref. 3) and on NiO by Belov and Levitin (ref. 4). We have, how- 
ever, been unable to find any previously reported magnetostriction measurements on 
spin-flopped antiferromagnets. Preliminary reports of the results of this study were 
reported in references 5 to 7. 

The CsMnClg* 2H 2 0 crystals grow with plane parallel faces that are parallel to the 
principal planes of the crystal structure, an ideal configuration for the parallel plate 
capacitance method (ref. 8) for measuring small changes in length. Another reason why 
CsMnClg* 2H 2 0 is an ideal material is that it exhibits spin-flopped antiferromagnetism at 
conveniently low magnetic fields. In addition, its simple crystal structure makes inter- 
pretation of results less difficult. 

Magnetic susceptibility (ref. 9) and specific heat (Forstat and McElearney, and 
Love, unpublished) measurements have shown that there is a one -dimensional antiferro- 
magnetic ordering at temperatures above the Neel temperature of 4. 88 K. Specific heat 
and susceptibility maxima near 20 K suggest that spins aline in linear chains and that the 
degree of ordering increases for decreasing temperature. At 4. 88 K there is a phase 
transition to a three-dimensional antiferromagnetic state. The magnetic phase bound- 
aries have been determined up to 10 tesla (1 T = 10 kG) by Butterworth and Woollam 
(ref. 10) and are shown in figure 1. 

In figure 2 the crystal morphology is shown, and the axes are labeled. Axes were 
defined by Jensen, Anderson, and Rasmussen (ref. 11). With a magnetic field smaller 

A A 

than 1. 7 tesla and in the b direction, the spins aline antiparallel along the b direction. 

•A. A 

Above 1. 7 tesla the spins flop from the b direction to the perpendicular c direction 
where the spins still are antiferromagnetically ordered. Spin flopping was first pre- 
dicted by Neel (ref. 12) and later observed by Gorter and Van Peski -Tinbergen (ref. 13) 
in CuClg- 2H 2 0. It has its origin in the magnetic anisotropy, which in turn is believed to 
have its largest contribution from the existence of a spin orbit interaction energy. For a 
general discussion of spin flopping see Morrish (ref. 14), where a simple molecular 
field interpretation is given. 
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SYMBOLS 


a,b,c dimensions of crystal structure 

A A A 

a,b,c orientations of crystal axes 

Dj proportionality constant in antiferromagnetic -paramagnetic boundary theory 
E entropy 

f(0) function of angle, to be determined 

g magnetic g factor 

H magnetic field 

anisotropy field 
Hj, exchange field 

Hj spin flopping field 

Hj(0) spin flopping field as function of angle 

A 

Hj(O) spin flopping field for H parallel to b 
J exchange energy constant 

k Boltzmann constant 

1 length 

M magnetization 

m index of field dependence of volume 

n index of field dependence of strains 

s spin value 

T Neel temperature in field H 

<0 

Neel temperature at H = 0 

V volume 

e strain ^ 

6 angle between H and b axis 

Pg Bohr magneton 

cr tension 



MAGNETIC STRUCTURE OF CsMnCI 3 -2H 2 0 


According to Jensen, Anderson, and Rasmussen (ref. 11), the molecular structure 
is as follows: The crystal structure is orthorhomic with a = 9. 060x10“^ meter, 
b = 7. 285x10"^ meter, and c = 7. 285x10”^ meter. In figure 3 the unit cell is pro- 

j, 

jected on the ac plane. The Clj link groups with Mn (spin 5/2) ions at the centers. 
The Mn ++ spins can thus be linked into linear chains along the a direction, and the 
Mn ++ ions on neighboring chains are only weakly linked. The linear chains of spins 
causes the broad maximum in the susceptibility as found by Smith and Friedberg (ref. 9), 
and in the specific heat as found by Forstat, McElearney, and Love for temperatures 
near 20 K. Using a linear chain concept and Fisher's classical Heisenberg model 
(ref. 15), Smith and Friedberg (ref. 9) found the exchange interaction constant to be 
J = -3. 0 k, where k is the Boltzmann constant. For an Ising model analysis of spe- 
cific heat data, Forstat, McElearney, and Love find J = -3. 1 k. Spence, Jonge, and 
Rama Rao (ref. 16) find the interchain exchange constants to be = Jg ~ 0. 04 k. 

Skalyo et al. (ref. 17) have also evaluated J's and find J = 300 Jj. 

Below 4. 8 K the antiferromagnetic ordering is long range. Interchain and intrachain 
interactions cause three-dimensional ordering with the easy axis of magnetization par- 

A 

allel to the b axis. 


EXPERIMENTAL METHODS 

We use the parallel plate capacitance method developed by White (ref. 8). One plate 
of the capacitor is glued to the top of the sample and its capacitance with respect to a 
fixed plate is measured with an ac capacitance bridge (see fig. 4). A lock-in amplifier 
is used as a null detector and the off-balance voltage is a measure of the strain. The ap- 
paratus can detect a strain of 10 - '*'® with a one-to-one signal to noise ratio. 

Strains perpendicular to the field direction were measured using a split pair super- 
conducting magnet (ref. 18). Strains parallel to the field were measured using a 10-tesla 
superconducting solenoid. Temperatures down to 1. 08 K were achieved by pumping on 
the liquid -helium bath. Temperatures above 4. 2 K were obtained by heating the capac- 
itance cell. Temperatures were measured with a carbon thermometer calibrated against 

4 

the vapor pressure of He . 

Crystals of CsMnClg- 2^0 were grown from a solution of equal parts of CsCl and 
MnClg ^HgO. Samples were refrigerated to prevent gain or loss of water over long pe- 
riods of time. Crystal axes were crudely found by visual observation of the sample mor- 
phology (see fig. 2). An accurate determination, within ±0. 1°, was obtained from the 
symmetry of experimental results as a function of angle. 
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For all experiments the field was located along or close to the b axis. Strains 
were then measured in the mutually perpendicular a, b, and c directions. 


EXPERIMENTAL RESULTS 

-A* 

c Axis Magnetostriction 

a 

In figure 5 the strain along the c direction is plotted as a function of magnetic field. 
In the top half of the figure, the results obtained for a temperature of 1. 08 K are shown. 
The c direction strain increases with magnetic field for fields below 1.8 tesla. In this 
region of field and temperature, the sample is antiferromagnetically ordered as shown by 
the magnetic phase diagram in figure 1. For fields well below the phase transition 
(H < 0.8 Hf, where H is magnetic field, is the phas e transition field) the field de- 
pendence of strain e is 


e oc H n 


(1) 


where n = 2. 0±0. 1. 

At 4. 2 K the c axis strain has n = 2. 5±0. 1 but decreases with increasing field be- 
low H c . At the phase transition H c there is a sharp increase in the c dimension for 
all temperatures. Note, however, that the 4. 2 K scale is a factor of ten smaller than 
the 1. 08 K scale. 

The sharpness of the strain spike permits accurate identification of the fields for the 
transition, which are in good agreement with the magnetocaloric results of reference 10. 
Data for several temperatures is plotted in figure 1. Scatter in these points is due to 
drift in the integrator used to measure magnetic fields. 

Above H c the field dependence of the strain (fig. 5) did not follow a simple power 
law. At 1. 08 K the strain appeared to saturate to a constant value as a function of field. 

In figure 6 the critical field for spin flopping is plotted as a function of angle 6 be- 

/Si A A 

tween magnetic field and b axis in the ab plane. These data are found to follow the 
relation 


H f (0) = H f (0) sec 2 e (2) 

to within the accuracy of the experiment, where H^(e) is the critical field for spin flop- 
ping at the angle e. 
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b Axis Magnetostriction 


1 1 


1 1 


The b axis strain is measured parallel to the direction of the magnet field. In fig- 
ure 7 the strain is plotted as a function of field to 9 tesla at 4. 2 K. In this direction for 
H < H f , n (from eq. (1)) is 2. 2±0. 1 at 4. 2 K. There is little qualitative change in the 
character of the curve as a function of temperature. At lower temperatures the phase 

A 

transition peak shifts to lower fields and sharpens. The b dimension increases in the 
antiferromagnetic state and decreases in the spin flopped state. At 4. 2 K the b strains 

A. 

are larger than the c strains shown in figure 5. At low temperatures the b strains 

A 

are several times smaller than the c strains. 


a Axis Magnetostriction 

In figure 8 the a strain is plotted as a function of magnetic field to 3 tesla for tem- 
peratures of 1. 24 and 4. 2 K. The strain in this direction can also be written 

e oc H n (3) 

where at 4. 2 K n = 2. 2±0. 1 and at 1. 24 K n = 2. 6±0. 

Also shown in figure 8 is the dependence of the sharpness of the phase transition 
spike on the angle between H and the b axis at 4. 2 K. The alinement is extremely 

A A A 

critical in this orientation since with H only a few degrees from b in the be plane, 
the phase transition is very difficult to observe. At 1.24 K the transition is slightly 
easier to observe. This contrasts with the c axis magnetostriction where the transition 
was very easy to detect and became more pronounced at low temperatures, and alinement 
was not critical. 


Spin-Flopped Magnetostriction 

The field dependence of strain in the spin-flop magnetic state was very temperature 
and orientation dependent. Thus, for example, figure 5 shows both increasing (4. 2 K) 
and decreasing (1. 08 K) strain with field. At 1. 08 K the strain is very weakly dependent 
on field, yet at 4. 2 K it is very strongly dependent. In figure 7 strain has a negative 
slope with increasing field, and in figure 8 the slope is positive. For all three orienta- 
tions, however, note that the slopes are nearly constant as a function of field even though 
they are different for different temperatures and orientations. 
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As shown in figure 1 a change in field at fixed temperatures between 4. 36 K (triple 
point) and 4. 88 K (Neel temperature) takes the sample through three phases. At low 
fields the sample is antiferromagnetic. At intermediate fields it is paramagnetic. And 
at high fields it is spin flopped-antiferromagnetic. Examples of the strain changes in 
these three magnetic states are shown in figure 9 for temperatures of 4. 67 K and 4. 76 K 
for c axis strains. The knees in the plots of strain as a function of field delineate the 
phase boundaries for antiferromagnetic to paramagnetic and spin flopped to paramagnetic 
states. The b axis strains are similarly well defined at the phase boundaries. 

A more accurate method of determining the phase boundaries bordering the paramag- 
netic phase is to fix the magnetic field and heat the sample. The dimensional changes 
are then a measure of thermal expansion. The thermal expansion shows a knee at the 
phase boundary as illustrated in figure 10 for c axis strains. 


Hysteresis Effects 

In the antiferromagnetic to spin-flopped phase transition a hysteresis was observed; 
that is, the field was not the same for increasing as for decreasing fields. The dif- 
ference was on the order of 1 percent and was observed for all angles between H and b 

A A O 

in the ba plane (c axis magnetostriction) for angles up to 40 . The effect was not 
studied for angles greater than this. 


THEORY AND DISCUSSION 
Anisotropy, Exchange, and Spin Flopping 

Antiferromagnetism originates in the exchange interaction between ions on different 
lattice sites. This interaction is a quantum mechanical result of the Pauli exclusion 
principle. In an antiferromagnetic material the ions are generally further apart than in 
the ferromagnet so the exchange is usually indirect, through the Clj ions (fig. 3) in 
CsMnClg- 2 H 2 O. Exchange in an antiferromagnet alines spins antiparallel. In a molec- 
ular field model these would be pictured as magnetic dipoles each interacting with an 
equivalent magnetic field, called the exchange field, Hg. A second equivalent field, 
called the anisotropy field acts to aline spin axes along preferred orientations in 
particular crystals. These preferred orientations are called easy axes, and the energy 
necessary to rotate the spins away from the easy direction is called the anisotropy en- 
ergy. It is the anisotropy that causes spin-flopping and magnetostriction. 

In the molecular field model the susceptibility measured parallel to the easy axis is 
designated by X|| and that perpendicular by x^- From this model it is easy (ref. 14) to 
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a 4 > 


predict the temperature dependence of susceptibilities, and these are shown in figure 11. 
The important result is that for T < T N , x j_ is independent of temperature and is 
greater than x ( |- The free energies associated with these susceptibilities are -XjH 2 /2 
and -X| ( H^/2. Since Xj_ > X||> the perpendicular spin orientation is energetically favor- 
able for applied magnetic fields above a critical field given by 



where k is the anisotropy energy. Above the anisotropy energy is overcome, and 
the spins flop to the perpendicular orientations. 

Smith and Friedberg have measured Xj_ and Xp as functions of temperature (ref. 9) 
as shown in figure 12. Later data (unpublished) by Kobayashi and Friedberg shows Xp 
going to zero at T = 0 and Xj_ to be nearly independent of temperature at low temper- 
atures. At T = T n , x_|_ = X|| and, at IK, x_l - Xp is approximately 0. 50 mks/mole 
(0. 040 cgs/mole). Our measured spin flopping field was approximately 1. 7 tesla (fig. 1) 
at 1 K. Thus, from equation (4) k is 0. 57x10 joules per cubic meter per mole (5. 7X10 

O 

ergs/cm mole) at 1 K. The temperature dependence of the spin flop boundary is found 
to be (see fig. 1 and refs. 10 and 19) 

H f = (12. 8 + 0.814T) x 10 5 (5) 

for Hj in ampere-turns per meter and T in ke Ivin. From reference 9 the suscepti- 
bility difference is roughly 


X_L “ X„ = 0. 55 (l-JL\i^s 
\ T n ; mole 


( 6 ) 


The temperature dependence of the anisotropy energy is thus 


k “ 3.49(12.8 + 0. 814T) 2 (l - — )X 10 7 


(7) 


l N/ 


(m 6 )(mole) 


^6 


At 0 K, k is approximately 0. 57x10 joules per cubic meter per mole and goes to zero 
at T = T^. The temperature dependence of Hj reflects the temperature dependence of 
the spin-wave renormalization, as described by Anderson and Callen (ref. 20), 

The angular dependence of the critical field H f for spin flopping was easily followed 
in the ab plane (fig. 6), but flopping did not occur for H more than a few degrees from 

A A 

in the be plane (fig. 8). Since spins flop to the c direction, they will always flop by 
90° for H in the ab plane. For H in the be plane torques are present that orient 
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magnetic spins closer to c as the field moves away from in the be plane. Qualita- 
tively then, the phase transition to c is less sharp in the be plane, explaining the dif- 
ficulty in following the transition in the be plane. That spins flop to c is in agreement 
with the results of reference 19 but not with the conclusion stated in reference 11. 

Skalyo et al. (ref. 17) measured (c axis) =* 0.52 mks/mole (0.041 cgs/mole) and 
X ± (a axis) ^ 0.54 mks/mole (0. 043 cgs/mole) as T goes to zero. From the molecular 
field theory (ref. 22) it is known that 


X JL 


(8) 


where Hg is the exchange field, and is the anisotropy field. Thus, at 1 K 

JL =* 1. 6T 2 (9) 

*1 

From reference 20 the anisotropy field was found to be 0.048 tesla. Thus, the exchange 
field in CsMnClg' SHgO is approximately 33 tesla. In reference 17 was found to be 
0.026 tesla, making Hg approximately 62 tesla. 

In figure 1 the spin-flopped to paramagnetic boundary has a nearly vertical slope at 
3 tesla. In extremely high fields this transition will move to lower temperatures and 
will meet the vertical T = 0 axis at a field Hp. This field can be estimated from the 
relation (ref. 21) 


p B H p =* 2SzJ x (10) 

where S is total spin, is the exchange constant, and z is the number of nearest 
neighbors. From reference 9, ^ -3 k; thus, H p =*45 tesla assuming z = 2. 

The phase diagram determined by the present measurement is consistent with that 
found previously (ref. 10). On the antiferromagnetic to spin-flopped boundary the b 
axis data agree well with reference 10. The errors in the c axis data arise mainly 
from integrator drift during field measurements. On the spin-flopped to paramagnetic 
boundary, difficulty in calibrating thermometers was the major source of errors. Sys- 
tematic differences with the results of reference 10 could also be due to differences of 
sample alinement. 

The antiferromagnetic to spin-flopped antiferromagnetic phase transition has very 
pronounced effects on strains, as seen in figure 5, for example. This is consistent with 
this transition being of first order (ref. 21). First-order transitions have associated 
latent heats, and hysteresis effects could result. With a simple molecular field calcula- 
tion the hysteresis is not predicted, but Feder and Pytte (ref. 22) show that with a spin 
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wave theory it is (see also ref. 20). This is a true hysteresis in H ; that is, it is inde- 

V 

pendent of the rate of change of H for slow changes. Experimentally we observe that 
the spin -flop transition was on the order of 1 percent higher for decreasing than for in- 
creasing fields and existed over a wide range of angles for H in the ab plane. For H 
parallel to b, the hysteresis was also observed by Butterworth and Woollam (ref. 11) 
over the entire antiferromagnetic - spin-flop boundary. 

Using the molecular field approximation, Shapira and Foner find (ref. 23) 

T - T = g 2 M 2 B(2s 2 + 2s + 1)H 2 (n) 

N 40k 2 T N 

for the magnetic field along the easy axis of magnetization, where T N is the Neel tem- 
perature in zero field and T is the antiferromagnetic to paramagnetic transition tem- 
perature in a field H. The spin is designated by s, and other quantities have their 
usual meanings . A plot of 

T N - T = DjH 2 (12) 

for our data (supplemented by the data of ref. 11) for H along the easy axis is a good 
fit with Dj = 0. 102 K per square tesla. A least squares polynomial fit shows, however, 
that higher powers of it may be significant. In CsMnClg- 2 H 2 O Smith and Friedberg 
(ref. 9) found a good fit to their susceptibility data using g =2.00 and s = 5/2 for the 
Mn ++ spins. With this spin, equation (6) predicts = 0. 255 K per square tesla, which 
is more than double that found experimentally. Shapira and Foner found that theory also 
predicts too large a value for MnF 9 (ref. 23), but in FeF 9 the agreement was quite close 
(ref. 24). 

n a a 

The sec^ 9 dependence of the spin flopping field in the ab plane is reasonable 
since symmetry arguments permit only 

H f (+0) = H f (-0) (13) 

and 

H f (e) = H f (e±77) (14) 

as also found experimentally. It is easy to argue that should increase as the field 
moves away from the "easy” axis. The simplest function satisfying these requirements 
is 


10 



(15) 


H f (0) = H f (0) sec 2 0 

which is closely followed experimentally. 

Magnetostriction 

There are two types of magnetostriction, volume and linear (ref. 21). Volume mag- 
netostriction originates in the exchange coupling between magnetic ions. Linear mag- 
netostriction originates in the anisotropy. In both cases it becomes energetically favor- 
able for the lattice to distort in the presence of stress -producing magnetic fields. It 
should be noted that there is a strong temperature dependence of the anisotropy (eq. (7)), 
but not for the exchange energy (see however, ref. 18). Thus, the temperature depend- 
ent magnetostriction should originate in the magnetic anisotropy. The b^ axis (longitu- 
dinal) magnetostriction was nearly independent of temperature, and the c axis (fig. 5) 
magnetostriction had the greatest temperature dependence of the three orientations. In 
a cubic crystal it should be possible to separate the exchange and anisotropy parts of the 
strain for each orientation by studying the temperature dependence in each orientation. 
Thus the total volume change due to exchange could be measured. By symmetry this 
would be three times the strain due to exchange forces for each direction. This strain 
could then be subtracted from the measured strain for each direction to get the strain 
due to anisotropy. Unfortunately, symmetry is not high enough to permit such a separa- 
tion in CsMnClg* 2^0. Alternatively, anisotropy fields in cubic antiferromagnets are 
typically small (ref. 25), thus exchange dominated magnetostriction could be studied 
directly in cubic systems. 

However, the field dependence of volume magnetostriction is of interest, and has 
been calculated from measurements of individual strains. We find that at 4. 2 K for 
H < the volume increases as 


^<x H m (16) 

V 

where m = 2. 1±0. 2 and has a sharp positive spike at the phase transition from anti- 
ferromagnetic to spin-flopped states. The large uncertainty in m results from the log- 
log plot of AV/V as a function of H not being a straight line over all field regions, as 
is shown by the deviation of the points from a straight line in figure 13. This results 
from the field dependences of each strain not being identical. That is, n (eq. (1), for 

A A A. 

example) is not the same for a, b, and c strains. 

Magnetostriction in ferromagnets has been observed and theoretically predicted to 
be quadratic in magnetic field (refs. 1, 26, and 27). In references 27 and 28 however, 
only itinerant ferromagnetism is considered. In the work on bismuth (ref. 2), a 
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diamagnet, it was demonstrated that the magnetostriction was nearly proportional to H 
and similarly for antiferromagnetic CoO and NiO. The reason for the near quadratic - 
field dependence of magnetostriction in a variety of types of magnetic materials is not 
understood. Neel (ref. 28) predicted that the reversible displacement of domain walls is 
proportional to the square of the magnetic field strength, and Nakamichi (ref. 3) inter- 
prets his results from this. There is no evidence in CsMnClg- 2 H 2 O for a spontaneous 
magnetostriction, nor a "technical magnetization" (refs. 9 and 14), which would be asso- 
ciated with domain wall displacement. Exchange and anisotropy are probably the major 
sources of magnetostriction in CsMnClg- SHgO. 


CONCLUDING REMARKS 

It is of considerable current interest (ref. 29) to evaluate the possible performance 
of CsMnClg- SHgO for use in a magnetic refrigerator. From simple thermodynamics 


ar^ = _ _t_ sm^ 

0H 


'E 


C H 9T/ h 


(17) 


where Ctj is the magnetic specific heat measured at fixed field and E is the entropy. 


Using M„ = Xi|H and figure 11, it follows that 


H 


is positive for T < t n- Thus an 


adiabatically isolated sample will cool in an increasing field since is negative. 

The results of reference 9 show that SM/3T is still positive for T > T N = 4. 8 K 

(fig. 12) but becomes negative as predicted for a paramagnet (fig. 11) above 20 K. Thus 
CsMnClg’ 2 H 2 O could be used most effectively to cool for T < T-^ and for H < Hj « 1. 7 
tesla (antiferromagnetic state) where ^ is greatest. Between T N and 20 K it would 
cool in an increasing field (to any field strength) and would cool in a decreasing field for 
T > 20 K. 

To maximize the cooling in the paramagnetic state it is desirable to have a large 
value of jUgff, where 


M e ff ~ g[ s (s + 1)3 f Mg (18) 

In CsMnClo - 2H 0 O the g factor is 2. 0 and s = 5/2. There are four molecular units per 

J “ Qf) 

chemical cell and the chemical cell has a volume of 755X10 cubic meter. Thus 


^eff ~ 


3. 2X10 28 


m 


(19) 
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For comparison, the effective moment of cerium magnesium nitrate (CMN), a commonly 
used material, is 


^eff =0 - 25x1 ° 28 ~ (20) 

m 3 

The usefulness of CMN results from its desirable ultralow temperature properties. 
However, this calculation shows that CsMnClg* 2H 2 0 has a greater density of effective 
magnetic moments than CMN and could be useful in refrigeration. 


Lewis Research Center, 

National Aeronautics and Space Administration, 
Cleveland, Ohio, November 19, 1971, 
112 - 02 . 
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Figure 4. - Magnetostriction and thermal expansion apparatus. 



Figure 5. - c axis magnetostriction at 4. 2 and 
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Figure 6. - Critical field for spin flop- 
ping as function of angle in the 
a 6 plane. 
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Figure 7. - baxis (longitudinal) magnetostriction at 4.2 K. 
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Figure 8. - a axis magnetostriction at 4. 2 and 1.24 K. 
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Figure 9. - c axis magnetostriction at 4. 76 and 5. 67 K showing 
two phase transitions. 
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Figure 10. - c axis; zero field thermal expansion. 



REDUCED TEMPERATURE, T/T N 

Figure 11. - Magnetic susceptibilities as functions of 
temperature for an antiferromagnetic as predicted 
by molecular field model. 
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Figure 12. - Magnetic susceptibilities as functions of temperature for 
CsMnC^ * 2H 2 0 from reference 9. 
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Figure 13. - Log-log plot of volume change as function of field at 4. 2 K. 
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